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ABSTRACT 
The Hall mobilities of germanium single crystals were 
measured with a microwave frequency of 9000 Mc/sec over the 
temperature range 30°K to 300°K. A rectangular sample occu­
pied the central part of a wall of a rectangular cavity, which 
was doubly degenerate in the TE^01 mode and in the TE011 mode 
at a single resonance microwave frequency. The external mag­
netic field and the microwave field associated with one of 
the two modes gave rise to the other mode of oscillation, 
owing to excitation by the microwave Hall field. The theo­
retical analysis was verified by measurements on an n-type 
sample having a room temperature resistivity of 0.40 ohm cm. 
The measured Hall mobility at microwave frequencies (with a 
size correction) was compared with the D.C. Hall mobility 
between 30°K and 300°K. The maximum discrepancy was 15%. 
The estimated experimental error in the microwave measurement 
was 16/&. The magnetic field dependence of the microwave Hall 
mobility in a p-type sample, having a room temperature resis­
tivity of 0.77 ohm cm, was in qualitative agreement with the 
D.C. results obtained oy Willardson et al. 
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I. INTRODUCTION 
A. Hall Effect 
In the study of electronic structure of solids, particu­
larly in conductors and semiconductors, the Hall effect con­
tributes to our knowledge of the sign and concentration of 
the free charge carriers. The effect was found by E. H. Hall 
in 1879, and it can be explained in terms of the definition 
of the Hall coefficient R^ If a rectangular coordinate is 
designated along each axial direction of a rectangular con­
ductor, the Hall coefficient R^is expressed as 
Rw & ' (1'1) 
where Jx = trie static current density in the x direction, 
Bz = the static magnetic field of induction, 
Ey = tne static electric field induced by the Hall 
effect with no current in this direction, i.e. 
Jy = 0. 
All quantities are given in MKS units. 
Another quantity of fundamental importance is the Hall 
mobility, u, defined as 
u = F^r , (1.2) 
where cr is the D.C. conductivity. 
The physical implications of the Hall coefficient and 
the Hall mobility in semiconductors can be clarified if the 
analysis is made by means of Boltzmann1s transport equation 
M I  - 1  
+ V-*f + ' (1*3) 
c 
where f is the distribution function of the carriers and 
["^-£*1 is the rate of change of f due to the scattering of 
J° 2 f 
the carriers. For a steady state one has =0. As ex­
plained by Wilson (1, p. £09), when the static electric and 
magnetic fields are applied in a semiconductor where the 
existence of a relaxation time T is assumed, Equation 1.3 
becomes, for the isothermal case, 
f - tf •o __ e [E + V x B]-7 kf . (1.4) 
Here fQ is the value of f when there is no external force on 
the carriers. If f is expressed as 
f = f0 - "v • <f> (£ ) , (1.5) 
—> 
and if the terms of higher order in V are neglected, Equation 
k> 2 
1.4 can be solved for spherical energy surfaces ( 6 = A_K_), 
provided 
SL. <f> ( € ) = e(mE + fx B j. (1.6) 
The use of Equations 1.5 with 1.6 gives the relationship be­
tween the current density and the applied field. 
If Maxwell-BoItzmann distribution is assumed for the 
carriers, one obtains, for B 1 , 
m 
CT= Ne%T> 
m ' 
(1.7) 
Rh - h • (1-8) 
U - RhCT - r! <Xy ' (1,9) 
• eo 3 
wnere = —j= J g x^ exp x dx , (1.10) 
3 (W J 
0 
X = r£=r , (1.11) 
A0 1 
and 3 yOÛ 
(an)fc / 
" 2 7f*k3 y Vn 
î 
N = / 6 ^ fo dC (1.12) 
'0 
= density of carriers. 
Equation 1.10 Implies that <g7 is the averspe value of g over 
the Boltzmann distribution. 
If it is assumed that 
r = T0(t)£p , (i.i3) 
Equation 1.9 reduces to 
i K-. T i - I l ^ x /T"«/ 5 
m *• o 
u = i R0U0T)PNF + P)/N|) • (1-14) 
Hence the value of p for a scattering mechanism would be 
exhibited in the temperature dependence of the Hall mobility. 
Seitz (%) derived the temperature dependence of the mobil­
ity for lattice scattering. The analysis indicated thst 
the mobility should change as T In the low temper­
ature region the scattering by ionized impurity atoms be­
comes predominant. According to the Conwell and V/eisskopf 
formula (3), the mobility shows the T3//^ dependence. 
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In case of germanium, however, the temperature dependences of 
the mobilities in the lattice scattering range are T _ 1'for 
electrons and T ' for holes as they were found by Morin et 
al. (4) and by Prince (5), respectively. 
B. Hall Effect in High Frequency Field 
In the previous discussion all external fields applied 
in the solids were treated as static and the solution to the 
Boltzmann's Equation 1.3 was true for = 0. If the ex­
ternal field changes in a time comparable to relaxation 
time, the charge carriers are no longer in a steady state. 
Particularly, if the external fields change sinusoidally the 
deviation in f from f0 also has to change in the same manner. 
Hence one obtains 
-|I = jo> (f - f0) , (1.15) 
where co is the angular frequency of the external fields. 
Then the solution to Equation 1.3 can be obtained in the same 
manner as in the case of steady state except is replaced 
by ^ . When an electromagnetic wave is propagating 
in the Z direction along which a static magnetic field of 
induction B is applied, the solution to Equation 1.3 with 
the assumptions made in the previous discussion gives 
*This substitution was used conveniently in the analysis 
by Donovan (6). 
Jx 
" ¥ fE* <rrw> + Ey<(rrwf>i B} (1"16) 
- (- Ex<C(l + 7»^) B * Ey C + (1'17) y m 
where the higher powers of ^ ^ ^ ^ ^ B are neglected. 
As will be shown in the theoretical discussion, Equations 
1.16 and 1.17 show the correspondence to the field distribu­
tion derived from the classical equation of motion, 
ffi g + m L = B|e + V x bJ , (1.18) 
—& 
where V is tne drift velocity of the carriers. Upon this 
correspondence, the problem of the behavior of carriers in 
non-degenerate semiconductors can be analyzed classically 
with the auxiliary condition that T in Equation 1.18 is an 
average value for the energy distribution of the charge car­
riers • 
It shoula also be noticed that Equation 1.18 is identical 
with the equation of motion for cyclotron resonance, which 
was used in the analysis by Dresselhaus et al. (7). And, in 
principle, cyclotron resonance is a special case of physical 
importance in the hign frequency Hall effect. In general, 
if wT ^  1, the measurement of the high frequency Hall effect 
gives the possibility of determining the relaxation time 
directly in comparison with the measurement of the ordinary 
D.C. Hall effect. 
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C. Previous Work on Microwave Hall Effect Measurement 
In 1948 Cooke (8) reported the rotation of the polariza­
tion of microwaves due to an external magnetic field in vari­
ous kinds of metals such as bismuth, iron, nickel, Permalloy, 
Moly-Permalloy, Kovar, etc. The effect was attributed, to the 
Faraday effect or Kerr effect in the solids and was measured 
in the X band of microwave frequency by means of a cylindri­
cal cavity. However, the results were not consistent with 
tne tneory and no quantitative information was given. 
The first successful measurement of the Hall effect in 
germanium was made by Rau and Caspari (9) at room temperature. 
In this experiment the sample was placed in a cylindrical 
waveguide and a static magnetic field was applied in its 
axial direction. The rotation of the polarization of the 
microwave signal as tne wave was transmitted through the 
sample gave a mobility in agreement with Morin1 s D.C. result 
(10) to within a few percent. The theoretical analysis of Rau 
and Caspar! showed that the measured mobility was the Hall 
mobility, not the drift mobility, u& = e 
A technique, which used a rectangular cavity for the 
measurement of the Hall mobility in germanium, was developed 
by Nishina and Spry (11). This method was employed with the 
consideration that in the low temperature measurement a cavity 
would have advantages over a waveguide from" an experimental 
7 
viewpoint. A simplified equivalent circuit analysis gave a . 
value of tne Hall mobility in n-type germanium in agreement 
witn the D.C. value within 15;i at room temperature. However 
the tneory of the relationship between microwave power and 
Hall mobility had left much to be improved at the time of the 
publication. The theoretical analysis was continued by Liu 
et al. (lb) who derived a more reasonable formula in accord­
ance with which the present experiments! results were ana­
lyzed . 
The cavity technique was also employed le ter by Yamagata 
(13) and Watanabe (14). The microwave power relationship de­
rived by Watanabe agrees with thrt derived by Liu et al. (1&). 
Hambleton and Gartner (15) found for the first time the 
difference between the D.C. Hall mobility and the microwave 
Hali mobility in germanium in the neighborhood of liquid 
nitrogen temperature. This difference was not found in sili­
con, and no quantitative analysis of the difference in germa­
nium was given in the report of the data. 
The cylindrical waveguide method was extended by Furdyna 
and Broersma (16) who recently made a strong magnetic field 
study of the Hall effect in silicon, germanium and InSb. 
The Hall effect in a microwave field was used by Stephen­
son (17) and Barlow (18) for the measurement of microwave 
power. The microwave power of 30 mW to about !cQ W has been 
measured at 4 Gc/sec with an accuracy of + 3>b. 
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D. Purpose of This Investigation 
The significance of the high frequency Hall effect 
measurement was explained in section B. The purpose of this 
investigation was to develop a technique for measuring Hall 
mobilities in semiconductors et low temperatures with micro­
wave fields. The microwave Hall power relationship was to 
be derived through the analysis of microwave fields in the 
cavity system and its analogy to an equivalent circuit with 
proper choice of circuit parameters. The validity of this 
power relationship was to be ascertained with an n-type 
germanium sample over the temperature range between 30°K and 
300°K. This verification was considered necessary in order 
to establish the possibility of determining the relaxation 
time of carriers and probably the effective mass in the 
temperature region where cyclotron resonance can not be ob­
served with microwave techniques. 
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II. THEORY 
Conductivity Tensor 
The electromagnetic field distribution in a homogeneous 
sucstance can be expressed in terms of phenomenological con­
ductivity and dielectric tensor elements. It will be shown 
that if the conductivity tensor has an antisymmetric part, 
this will cause a Faraday effect. 
If a sucstance is isotropic in dielectric constant the 
conductivity tensor is defined by 
Jx 
V Jz 
*1* Oil 
Ô31 
él3\ 
c 23 
^33 
E x 
E, 
\^z ( 2 . 1 )  
and 
= *ij + j** ^ ij » 
where (J) and (E) are the conduction current and electric 
( 2 . 2 )  
field vectors, respectively. ^j is the complex conductiv­
ity tensor due to the motion of free charged carriers, and € 
is an isotropic complex dielectric constant due to the polar­
ization of bound electrons. 
For an electromagnetic wave of angular frequency <*> , 
Maxwell's Equations in MKS units give 
V( V-E) - V^E = -jmu((T)E . (2.3) 
The following discussion will be restricted to the case 
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where the constant energy surfaces of the free carriers are 
spherical in momentum space. When a static magnetic field is 
applied in the Z-direction, only the conductivity tensor 
elements CT^ G~n and are affected by the 
Lorentz force on the charged carriers. Hence the treatment 
of tnis problem does not lose its generality by the assumption 
that 0~13 = CT£3 = CT31 = 0"32 = 0. 
Since the semiconductor substance in the present investi­
gation has linear dimensions large compared to the skin depth, 
tne analysis is given for the case where a plane wave is pro­
pagating along the Z-axis with a propagation constant K. Then 
the electric field may be expressed as 
—> —> 
E = E(0) exp J(w t - Kz) . (2.4) 
If Equation c. 4 is substituted into Equation 2.3, the 
Z-component of tne equation gives 
V-E = 0 . (2.5) 
Equation c. 5 indicates that electrical neutrality has to be 
maintained throughout the sucstance and no longitudinal wave 
exists. From the X and the Y-component of Equation 2.3, we 
obtain the dispersion relationship 
(- K% - ji*)/uzcr11 + )(- K2 - j o~22 + o>2jw.e ) 
= -(*/* )2ori2<7"21 • (2.6) 
For the special case where 
11 
^11 ~ °22 ' 
and 
°~12 = - °21 (G*?) 
Equation 2.6 becomes 
(- K2 - j aj^cr11 + o;2^  e )c = (2.8) 
or 
K+ = jcu/i CT^ + ^cr12 (2.9) 
where + sign in K2 corresponds to + in front of the lest term 
on the right-hand side. 
Substitution of Equation 2.8 into either the X or Y com­
ponent of Equation 2.3 gives 
Ex+ = j Ey+ for K+ , (2.10) 
Ex_ = -j E for K_ . (2.11) 
Equations 2.10 and 2.11 show that the wave associated with 
K+ is right-hand circularly polarized, and the wave associated 
with K_ is left-hand. 
Since K+ and K_ are different, es shown in Equation 2.9, 
the wave in such a substance as that characterized by Equation 
£.7 is elliptically polarized in general. And, if is 
caused by a static magnetic field applied in the Z direction, 
Equations 2.10 and 2.11 represent phénoménologieally the 
Faraday effect as defined by Condon (19) and others. 
The same effect may be observed also if permeability y. 
is a tensor having antisymmetric non-diagonal elements. The 
effect in ferromagnetic materials and its application to 
12 
microwave circuits was reported by Hogan (20). 
B. Conductivity Tensor and the Hall Effect 
For the next step of the analysis it is necessary to 
establisn tne relationship between the phenomenological con­
ductivity tensor elements and the constants of physical sig­
nificance in semiconductors. Here the case of p-type germanium 
will be discussed first instead of n-type• The reason will be 
clarified in the following. The case of n-type germanium may 
be considered as a special case of the treatment for p-type 
with some corrections due to the non-sphericity of the energy 
surface for the electrons. 
Dresselhaus et al. (21) reported that the valence band 
energy surfaces for germanium consist of two warped spheres 
degenerate at k = 0. Presumably the analysis of the behavior 
of holes will be given a higher degree of approximation if 
the method developed by McClure (22) is employed for the cal­
culation of the magnetoconductivity with energy surfaces of 
arbitrary form. As far as tne microwave Hall measurement is 
concerned, however, a simpler form of analysis used by 
Viillardson et al. (c3) seems to be satisfactory for the 
proper understanding of the behavior of the holes. As a 
result of their" investigations the magnetic field dependence 
of the Hall coefficient in p-type germanium could be explained 
by the fact that there were two kinds of holes due to double 
13 
degeneracy in conduction bands. The existence of a small 
density of light holes, the mobility of which is about eight 
times as high as that of heavy holes, was found to be respon­
sible for the magnetic field dependence. The theory was 
developed under the assumptions of a mean free path indepen­
dent of energy, classical statistics and spherical energy sur­
faces. It gave excellent agreement with experiments in the 
temperature range where the contribution of electrons to the 
Hall effect was negligible and where lattice scattering was 
predominant. 
With this information as a basis for the analysis, the 
equations of motions for the carriers in a p-type material 
may be written as 
dV-i m-i -> r-» -* 
ml ÏÏT + Ti V1 = ellE + V1 x B J 
dVo mn r-* -» -»1 , 
dt~ + TTJ V2 = e2lE * V2 x BJ ' (2.13) 
where the subscript 1 and 2 are given so that one kind of 
carriers may be distinguished from another. V1s are the drift 
velocities of carriers. 
Suppose the densities of carriers are denoted by and 
Kg, respectively. If Equation 2.12 is multiplied by e]_N]_ and 
Equation £.13 by egNg, 
«J = o^E + u^J X B , ( £ • 14 ) 
—è —> —£ 
J2 = (TgE + x B } 
7 = ?i + J2 , (2.16) 
14 
en T-. Tn 
where J's are current densities, u-i = , Ti = = , 
1 m-L 1 1 + 
o~]_ = and similar notations are given for the other 
iiiiid of carriers. Since the microwave magnetic field is small 
compared to the static magnetic field, B0, the B in Equations 
2.14 and 2.15 is replaced by B0 in the following analysis. 
—? 
From Equations £.14, £.15 and 2.16 J can be expressed in 
teriuS of CPs, u's, B0 and E. The comparison of the formula 
for J with Equation 2.1 gives 
17-11 = 
^* i• iv/+ RNFEJ* • U-17) 
Eg . (2.18) 
1 + (BQU!)* 1 + (B0U2)' 
—  ^
The static magnetic field B0 gives rise to the transverse 
magnetoreslstance and the Faraday effect because Equations 
£.17 and £.18 satisfy Equation 2.7. 
The result given in Equations 2.17 and 2.18 may be 
applied to describe the electrons in n-type germanium, if 
the density of one kind of carriers is set to be zero. For 
a higher order approximation the use of an effective mass 
tensor is necessary, because in n-type germanium the constant 
energy surfaces of electrons in the conduction band consist 
of eight ellipsoids in ( 111 ) directions as discussed by Lax 
et al. (24). For the special case where only one kind of 
carriers is present in Equations 2.17 and 2.18 the terms with 
subscript, say, 2 are absent so that 
15 
<7
"
11 = = i • (BoUi)£ 
(2.19) 
and 
(2.20) 
1 + (ByUi)2 
C. Principle of Measurement 
1. Microwave degenerate cavity 
The description of a rectangular degenerate cavity for 
tne Hall mobility measurement is given in Fig. 1. 
The cross section of the cavity in the XY plane is a 
square of the linear dimension Lr A square semiconductor 
sample of the linear dimension I is placed at the center of 
the end wall parallel to the XY plane. 
It is certainly conceivable to place the sample in the 
center of the cavity space rather then in the position 
described in Fig. 1. The choice of the position of the 
sample should be determined by the comparison of the linear 
dimensions of the sample with the skin depth . If S* is 
small compared to the thickness in the direction of microwave 
propagation and small compared to the width in the plane of 
the microwave electric and magnetic fields, it will be conve­
nient to place the sample in the cavity end wall. Here the 
sample can be treated as a perturbation to the wall of a 
good conductor. The physical constants to determine the 
16 
PÔ' MICROWAVE POWER À DUE TO HALL EFFECT 
1 
SEMICONDUCTOR SAMPLE 
BO< MAGNETIC FIELD 
COUPLING IRIS 
|R|2 P, 
P,-MICROWAVE POWER 
Fig. 1. Principle of microwave Hall mobility 
measurement 
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field distributions in the sample can be given in terms of 
the surface impedance tensor. 
On the other hand, if the skin depth ? is large com­
pared to tne linear dimensions of the sample the measurement 
will be simpler if the sample is placed in the center of the 
cavity space. In this case, the field Inside the sample may 
be assumed to be uniform as an approximation. At the same 
time, the effect of depolarization has to be taken into 
account ; since the accumulation of charge is expected on the 
surface of the sample. For a sample of resistivity 1 ohm cm 
the skin depth is 0.3 mm for a microwave frequency of 10 K. Mc 
wnereas the size of the sample is the order of 5 x 5 x 0.8 mm. 
For such a sample it is preferable to place the sample on the 
wall rather than in the cavity space. 
If the rectangular cavity geometry is perfect it can have 
the lowest two distinct modes of resonant oscillations at a 
single microwave frequency, namely the TE]_q]_ mode and the 
TEqii mode. The TE-^q^ mode has its electric field vector in 
the Y direction in Fig. 1 and its magnetic field in the X-Z 
plane. In the TEQ^I mode the electric field is oriented in 
tne X direction and the magnetic field lies in the Y-Z plane. 
The analytical expression for these modes of oscillation may 
be found in any microwave text book such as the book by Mont­
gomery ( 25) . 
Suppose the microwave power P]_ at resonant frequency is 
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Incident on the cavity through the horizontal waveguide. The 
power coupled through the coupling iris into the cavity ex­
cites the TE^Q^ mode of oscillation, which impresses the 
microwave electric field in the Y direction in the sample. 
If the cavity geometrical construction is perfect, the TEqjj 
mode can not be excited without a magnetic field, and there 
can be no microwave power coupled out to the vertical wave­
guide. If a static magnetic field B0 is applied in the Z 
direction, i.e. perpendicular to the sample surface, the Hall 
effect in the sample gives rise to the electric field and the 
current in the X direction and excites the TEq^ mode of 
oscillation in the cavity. A part of the power, P%, asso­
ciated with this mode will be coupled out to the vertical 
waveguide in Fig. 1 through the coupling iris on the top of 
P v  
tne cavity. Hence is a function of the static magnetic 
field, sample geometry, conductivity, dielectric constant and 
mobility. 
In actual measurement there exists some coupling between 
the TE101 mode and the TEq^j mode due to the geometrical non-
ideality of the cavity. Thus some residual microwave power 
comes out in trie vertical waveguide even in the absence of a 
static magnetic field. To eliminate this difficulty a micro­
wave bridge circuit was arranged to cancel this residual power 
and only the Hall power, Pg, was measured in practical 
measurement of the Hall mobility. The description of the 
19 
bridge circuit is given in Section III. A. 4. 
2. Microwave power relationship 
The microwave power relationship for the arrangement 
described in Fig. 1 was studied by Liu et al. (12). The 
theoretical analysis shows that 
?2 
4 Pi ~F+ Rl 
y+ o(b0U + j( y' + o<B0u) 
Yq + G + 2•+• 2 j ( x + ot ) 
where P^ = microwave power incident on the cavity to excite 
the TE1qjL mode, 
P2 = microwave power out of the TEQH mode in the 
cavity, 
R = reflection coefficient for the power P]_ at the 
iris plane. 
* • k (~^) • *<* = kwhere 16 
the Q, of the cavity due only to the loss in the 
sample, 
u = 1 '+1j = mobility with the effect of 
relaxation time, 
<r= eNu, 
N = density of carriers, 
Jl = effective linear dimension of square sample, 
permeability of the sample, 
(2 .21)  
20 
+ j yj 1 = mutual admittance to represent the coupling 
due to the non-ideality of the cavity, 
= static magnetic field, 
- * " 
«>o 
= microwave frequency, 
= resonant frequency of the TE^qi and the TEq^j mode, 
= characteristic admittance of the waveguide in the 
units of w C, reciprocal of external Q,, 
= conductance representing the loss in the cavity 
wall in the units of w C, reciprocal unloaded Q, 
without sample, 
= capacity of the resonant circuit corresponding to 
the TE10]_ or the TEQ11 mode. 
All quantities are expressed in MKS units. 
Equation b.%1 can be derived with the following assump­
tions : 
a) There exists only one kind of carriers with isotropic 
effective mass m, and relaxation time T. 
b) Static magnetic field is weak so that |B0u ) 4^ 1. 
c) Sample size is relatively small compared to the 
dimensions of the cavity. 
d) Inside the sample the field distribution is approxi­
mated by a plane wave. The microwave electric field 
is, therefore, uniform over the sample surface except 
at the Boundary to the cavity wall where it suddenly 
B 
u) 
tu 0 
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drops down to almost zero. 
Since trie principle of the analysis is explained in 
reference (1&), it will not be reviewed in this section. 
However, the power relationship will be expressed in terms 
of the conductivity tensor of a sample. Then the result will 
not be restricted by the assumptions a) and b). It can be 
allied for tne multiple carrier cases and the constant energy 
surfaces of me carriers need not be spherical as long as 
Equation &•? is true. Also the static magnetic field need 
not be v.eak, since the higher order terms of B0u can be In­
cluded in tne conductivity tensor elements. According to 
Equation 4-9 of reference (12), 
r,. , £_ k + mh „ ? k - K- _ 0 
LZ(I> + L|) K+K- J ° LZ(L2 + L§) k+k- 0 
(2 .22 )  
? *+ - k- H + rx 1 t— ^ + u • 
LZ(L^ + l|) K+K- 0 I ~ J LZ(L* + Lg) K+K_"JH° = ' 
where H0 is the amplitude of microwave magnetic field in the 
'T^lUl mode, and Hq in the TEq^j_ mode, respectively. The homo­
geneous form of Equation &.22 is true only when there is no 
external excitation of microwave oscillation in the cavity. 
For the semiconductor samples of the present experiments the 
terms with € can be neglected in Equation 2.9. Then, 
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arid 
K+ - K. 
&+K_ " 
= (i - j) S sin e ii 
cos 
Q 
(lt j) %n_  .  
11 r «- 'd 1 
t1 '%) ) 
— U 1 y 
vmere tan @ = 
0-11 
(2.23) 
(2.24) 
(2.25) 
11 
(2 .26)  
It Equations 2.b3 and 'c-'cA are substituted into Equation 2.22, 
the procedure of tne analysis explained in reference (12) 
yields 
2(1 + j) Cku sin S_ 
Pi + H | 
237T 
2j x + G + Yq + 
2(1 + j ) < 1^:L COS 
v - ^ i ]  
2 
2 1/4 
wnere 11 = 
sul 
ML* + hi) 
(2.27) 
(2.28) 
Equation c-27 corresponds to the case where ^ + j ^  = 0 in 
Equation 2.21. Therefore, in practice, Equation 2.27 can be 
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used when the residual microwave power due to the non-
ideality of the cavity is balanced out by a microwave bridge 
circuit. 
If there are two kinds of carriers with isotropic masses 
in tne sample, substitution of Equations 2.17 and 2.18 into 
Equation b-27 gives 
rPv J'2 <X qB0UQ 
Pi II + R| yq + & + 2 OC0(q - q' ) 
2 
^2 <r20U20) (Is)' + I — 
L  -  ( W T j * ™  ^0^4 + «"V* 
2.1/2 
x 
| CT20U20 [ 
CTiouio' 
\ + ^ 0 20 
10*10' ) 
i + (wT1)ii, 
fÎ2 + ^ 201 
2. 
Ti °10 
l 
v. °~10 y y 
(l + («T^V^U + (wTg)*) 
1/4 
where 
q + jq = 
'(1 4. (wT/ld + (wTg) ) 
1 + -f K^e + ^ lf 
\ (Tio + <Tg0 / . 
1/4 
(2.29) 
2 
tan fi i = f i 
tan 
(2.30) 
(2.31) 
(2.32) 
(2.33) 
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e,Tn 
u., = • = D.C. mobility for the carrier 1. 
10 
e^ To 
u, n = = D.C. mobility for the carrier 2. 
<<u m<£ 
<j"10 = G]_N]_U]_Q = D.C. conductivity contributed by the 
carrier 1. 
CT-o = e^N^u^o = D.C. conductivity contributed by the 
carrier 2. 
0~\ qU-, Q + ^1-0^20 
u = 1U 1U . Jr ^  : D.C. mobility for the two 
0 tr10 + <?20 
carriers. (2.34) 
.2 
ot = 1 2- / 'è • (2-35) 
0 WÏlFVl^) f+0 0^) 
Here tne higher order terms of B0U]_Q or BQU^Q were assum­
ed to be small compared to 1. Also the frequency deviation 
x was chosen so that the imaginary part of the denominator of 
Equation 2.27 became zero to give the maximum value of 
|1 + R| for a Slven magnetic field BQ. 
Equation 2.29 may be applied to the single carrier case 
with the condition ctt^q = 0. Then, in the first order of B0, 
P2 1 _ oBouo x 1 
N pi i 1  +  Rl Yo + G]_ + 2#o(q - q' ) (1 + («T^V'4 ' 
(2.36) 
and 
,1/2 
q + jq' = jf 1 + j • (2.37) 
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2 
The terms of q - q' and. 1 + (wT^) become important if 
<5 1- These terms give the possibility of determining 
the relaxation time Tj_ provided the D.C. values of mobility 
U]_q and conductivity C^q are known. 
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III. EXPERIMENTAL PROCEDURE 
A. Microwave Measurement 
1. Microwave cavity 
The details of the rectangular degenerate cavity are 
given in Fig. 2. The main body of the cavity was made by 
broaching a brass block with a stainless steel rod of 
20 x 20 mm cross section. Also in the outer part of the 
brass block two lines of liquid nitrogen or hydrogen path 
were drilled in the diameter of 1/4". The cavity walls were 
silver plated by immersing the block into plating solution* 
after the cavity was constructed. 
The difference between the room temperature and the 
temperature of the cavity was distributed over the two stain­
less steel waveguides. A brass flange to a vacuum chamber 
supported mechanically the two waveguides and the cavity. 
The degeneracy of the cavity was adjusted by the two 
turning screws which were placed at the centers of the cavity 
walls. Also the non-ideal coupling between the TE^q^ mode 
and the TEQ^ mode was reduced by the two other screws which 
were set at the corners of the cavity. For low temperature 
*The contents of the solution were : 
Silver cyanide 40 g/1 
Potassium cyanide 55 g/1 
Potassium carbonate 35 g/1. 
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Fig. a. Cavity construction for low temperature measurement 
1 
28 
measurement it was necessary to have the whole cavity system 
in a vacuum chamber so that the heat leak due to convection 
might be reduced. 
For tne stainless steel waveguide to be vacuum-sealed a 
plastic plate of thickness 1/16" was inserted with an 0 ring 
between the flanges to the stainless waveguides and that to 
the waveguide outside the vacuum chamber. The reflection due 
to the plastic plate was compensated with three screw stubs 
whicn were placed on a piece of waveguide in approximately a 
quarter wavelength separation. 
With this matching device the voltage standing wave ratio 
of a plastic partition was 1.03, which corresponded to the 
— £  power reflection of 2.3 x 10 % with respect to the incident 
power. The shift in resonant frequency of the cavity due to 
the stubs were found to be the order of 0.1 Mc at the reso­
nance frequency of 9550.8 Mc, whereas the half value width 
of the resonance curve was the order of 5.Mc or greater with­
out semiconductor sample. Therefore, the effect of tuning 
stubs can be neglected in the accuracy of this measurement. 
It would be worthwhile to make a rough estimate of the 
heat leak due to conduction and radiation. If the temperature 
of the cavity is 20°K, the he?t leak due to conduction through 
waveguide is about 5 V/ and the leak due to radiation is about 
15 W. The leak due to the conduction through msnganin heater 
wires and thermocouple wires is estimated at 0.05 W. The 
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total heat leak of about 20 W would vaporize liquid hydrogen 
at trie rate of %. 2 liters per hour. 
2. Sample preparation 
Single crystals of n-type germanium were purchased from 
the Eagle pitcher Co.* and p-type from the Crymet Research.** 
Both types of the samples were cut in the size of 10 mm x 
10 mm x t mm, where t = 0.8 mm or 1.0 mm for n-type samples 
and t = 1.0 mm for p-type. The square shape of the sample 
surface was lined in (100) and (010) directions so that it 
would be placed in a position symmetrical to the microwave 
fields of both the TE^q^ mode and the TEq-q mode. 
The surface of the sample was ground so that the surface 
recombination velocity of the minority carriers would be prac­
tical ly infinite. It was mounted on a silver plated brass 
frame as shown in Fig. 3. The frame also formed one wall of 
the rectangular cavity. The size of the sample area was 
changed by the use of different size in & of the window. 
The sample was fixed on the frame with silver paint*** and it 
was also pressed against the frame with another brass plate 
*The Eagle Pitcher Co., American Bldg., Cincinnati 1, 
Ohio. 
**The Crymet Research, 249 Fifth St., Cambridge, Mass. 
***Silver paint No. 4778, E. I. Du Pont de Nemours & Co., 
Inc., Wilmington 98, Del. 
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BRASS FRAME CAVITY SILVER PAINT 
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Fig. 3. Details of sample mounting on 
microwave cavity 
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from ILS back. Because of the thickness of the sample window 
the surface of the sample was displaced from the surface of 
the cavity wall by at most 0.5 mm instead of being flush with 
the wall as v.as treated in the theory. In order that the 
microwave field on the plane of the cavity wall may reach the 
sample surface its amplitude will be attenuated as it pene­
trates tne distance of the window thickness. For the frame 
thicKness of 0.5 mm or less the experimental results did not 
positively indicate this geometrical effect. 
3. Temperature measurement and control 
The temperature of the semiconductor sample mounted on 
the cavity was measured with a copper-constantan thermocouple* 
which was soldered on the cavity block. The thermocouple 
voltage was measured witn a Leeds and Nor thru p 755-3 Type K-3 
potentiometer. A Leeds and Ixorthrup 2430A galvanometer was 
used as the null indicator. 
The microwave power dissipated in the semiconductor 
sample tends to raise its temperature above that of the cavity 
block. A rough estimation shows that the temperature differ­
ence between the cavity block and the sample is the order of 
0.03 degree for the microwave power dissipation of 10 mW in -
the sample and the thermal conductivity of 0.18 cal/deg cm sec 
^Temperature calibration. James Schirber, Iowa State 
university of Science and Technology, Physics Dept., Ames, 
Iowa. Private communication. 1959. 
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for brass. 
The schematic diagram of temperature control is given in 
Fig. 4. For low temperature measurements, liquid nitrogen or 
hydrogen was pumped into the cavity with helium gas pressure. 
The cooling rate of the refrigerant was controlled by the 
adjustment of helium gas pressure and by the adjustment of 
the opening of the valve at the exhaust tube. To assure the 
stability of the flow rate of the refrigerant through the 
cavity a bubbler device was inserted between the inlet and 
tne outlet of the refrigerant transport line, so that the 
pressure difference across the cavity was kept constant. 
In case of liquid hydrogen operation the cavity was pre-
cooled with liquid nitrogen before liquid hydrogen, was pumped 
into the system. All transport tubes from hydrogen dewar to 
the cavity were kept in a vacuum jacket so that the evapora­
tion of the liquid mignt be reduced. For safety precautions 
tne exhaust tube was led outdoors and the room was ventilated 
continuously. A hydrogen detector* was also used so the leak 
of the hydrogen vapor in the system could be detected. 
The cavity temperature was raised with the heater made 
of No• 30 manganin wire wound around the cavity. The room 
temperature resistance of the heater was approximately 220 
*M-S-A Combustible Gas Indicator Type 11. Mine Safety 
Appliances Co., Braddock, Thomas and Meads Sts., Pittsburgh, 
Pa. 
Fig. 4. Schematic diagram of temperature measurement and control 
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ohms. The lowest temperature thus attained in the cavity was 
29.2 + 0.5°K for liquid hydrogen and 88.2 + 0.2°K for liquid 
nitrogen• 
4. Microwave measurement 
The schematic diagram of microwave measurement is shown 
in Fig. 5. The microwave signal was generated by the klystron 
Varian V153 which was Installed in the ultrastable X-band 
oscillator Model 814.* 
The microwave frequency of the oscillator was regulated 
by an automatic frequency control circuit which made use of 
a standard cavity as frequency reference. The relative drift 
of the frequency thus obtained was supposed to be better than 
5 x 10 for short period and 10" for long term run, provided 
the line voltage change was less than 10$. This stability was 
quite satisfactory for this experiment since the Q of the 
cavity used in the Hall measurement was the order of 2000. 
The nominal maximum output of the oscillator to the matched 
load was 80 mW. The attenuators inserted in the microwave 
circuit reduced the actual power incident on the cavity to 
the order of 10 mW. In the microwave circuit the oscillator 
was isolated by a gyrator** so that the klystron could operate 
*Manufactured by Laboratory for Electronics, Inc., Boston, 
Mas s. 
**Isotation factor 30 db. 
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Fig. 5. Schematic diagram of microwave circuit 
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without being influenced by the changes in the Impedance of 
the microwave load. For the measurement of the microwave 
power, an 1N23E diode was used for rectifying the signal. 
The D.C- voltage induced across the diode was measured by 
Rubicon D.C. potentiometer Model 2772, connected with KIntel 
electronic galvanometer Model 204A.^ 
In Fig. u the microwave power, P^, incident on the cavity 
through the waveguide No. 1 excites the TE101 mode as men­
tioned in Section II. C. 1. The incident power was measured 
by the detector mounted at 20 db directional coupler. The 
reflection coefficient of the cavity iris at the end of the 
waveguide No. 1 was measured with a standing wave detector. 
As a static magnetic field was applied on a semiconductor 
sample in the cavity, its Hall effect gave rise to the micro­
wave power output, P2, through the waveguide No. 2 as pre­
viously explained. This power was applied to the H-arm of a 
magic T. And half of the power was measured at the detector 
which was mounted on either one of the two side arms of the 
magic T. The detector at the magic T and the detector at 
20 db directional coupler were calibrated with respect to each 
other. Then the power ratio Pg/Pj could be known by the com­
parison of the D.C. voltages which were measured at both 
detectors. 
•«•Highest sensitivity 0.1 AV 
Input impedance 10,000 ohms. 
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As was mentioned in Section II. C. 1. a microwave power 
comparable to came out to the waveguide No. 2 even in the 
absence of the magnetic field because of the non-ideality of 
the cavity construction. This non-ideal wave was cancelled 
at the detector side arm of the magic T by another coherent 
wave which was fed into the E arm of the T. A proper amount 
of phase shift and attenuation was given to this coherent 
wave before it reached the T. Upon cancellation of the non-
ideal power, a static magnetic field was applied. And the 
D.C. voltage induced at the detector of the magic T was con­
sidered as caused by the Hall effect. 
It was essential that the input impedance of the detector 
arms and that of the E arm in the magic T were matched to 
the waveguide impedance in the frequency range of the micro­
wave used in this measurement. This certainly reduced the 
errors due to the reflection of the microwave powers. The 
matchlngs were performed with three screw stub tuners which 
were placed on a section of waveguide with a quarter wave 
separation. 
The square law characteristic was assumed in all micro­
wave detectors so that the D.C. output voltage was approxi­
mated to be proportional to the square of the amplitude of 
the microwave field. The error in this approximation would 
be the order of 1% if the D.C. voltage was less than 1 mV. 
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B. D.C. Measurement 
1• Cryostat and sample preparation 
The D.C. measurements of the germanium samples were per­
formed with the sample holder and the cryostat used by Zrudsky 
(26) for the Hall coefficient and resistivity measurement of 
an Mg%Si sample• Fig. 6 and Fig. 7 show the cryostat and the 
sample holder, respectively. Since the details of the con­
struction of the cryostat was given in reference (26) it will 
not be reviewed in this section. 
For an n-type germanium sample about 8 liters of liquid 
helium was used for the measurement from 8°K to 100°K. It 
took about 17 hours before the liquid was exhausted in the 
cryostat. For a p-type germanium sample about the same amount 
of liquid hydrogen was used for the measurement from 20°X to 
102°K. The liquid stayed in the cryostat for about 37 hours. 
The sample was cut with a diamond saw for the size of 
the holder (about 8 x 1.5 x 1.7 mm) from the original piece 
used for microwave measurement. The single crystal was 
formed with its rectangular edges in the (100), (010) and 
(001) directions, respectively. The copper current lead 
wires were soldered with ultrasonic solder gun on both ends 
of the sample. Tungsten probes were used for the measurement 
of the resistivity and the Hall voltage. In order that the 
probe positions might be fixed firmly small holes were made 
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on the sample surface with sand blasting. The depth of the 
holes was measured with a traveling microscope, and the cor­
rection due to the depth was made to the Hall voltages. Probe 
separations were also measured with a traveling microscope. 
2. Electrical measurement 
The three probes were used for the electrical measure­
ment with the notations given in Fig. 8. Probe A was almost 
aligned witn probe B so that the Hall effect was mostly-
responsible for the voltage across the two probes. This 
arrangement assured a higher accuracy in the Hall voltage 
than in the case where probe A was placed somewhere in the 
middle of probe B and probe G. The voltage between probes A 
and C was measured for the calculation of resistivity. 
The measured voltages are expressed in the following for 
both directions of sample current and magnetic field. 
V1(I+,H+) = IR1(H) - %]_(!+,H+) + Vtl + VN1 (3.1) 
-V-]_(l—, H+ ) = —IR]_( H) + V^]_( I-,H+) + V( 3• £) 
V1(I+,H-) = IR1(H) + VH1(I+,H-) + Vtl - VN1 (3.3) 
-V-]_(I-,H-) = -IR-|_(H) - Vyi(l-,H-) + - V^l > (3*4) 
where 
= absolute value of the voltage between the probes 
A and B, 
I = absolute value of the current through the sample, 
I1+ II-
i 1+ 
1  
V„(I-) Vg(P-) 
v,a-> v(a+) M 
B —S 
T 
H 
Z. 
I(+) ro 
Fig. 8. Notations for D.C. electrical measurement 
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R% = sample resistance between the positions of probes 
A and B, 
VH1 = Hall voltage for the plus charge carriers across 
probes A and B, 
= Seebeck voltage in the measuring loop, 
VNi = the voltage due to the Nernst effect and Righi-
Leduc effect. 
From Equations 3.1 to 3.4 
V,(I-,H-) + V,(I+,H-) - V,(I+,H+) - V(I-,H+) 
VH1 , -1 i 5 1 .(3.5) 
Here could include the voltage due to the Ettingshausen 
effect which changes its polarity in the same manner as the 
Hall voltage does. 
Similar relationships are obtained for the voltage be­
tween probes A and C. 
V2(I+,H+) = IRfc(H) + %2(I+,H+) + Vt2 + VN2 (3.6) 
-V&(I-,H+) = -IR%(H) - 7^(1-,H+) + Vt2 + VN2 (3.7) 
V%(I+,H-) = IRg(H) - VH2(I+,H-) + Vt2 - VN2 (3.8) 
-V2(I-,H-) = -lRg(H) + VH2(I-,H+) + Vt2 - VN2 (3.9) 
From Equations 3.6 to 3.9 the resistance can be obtained as 
„ . x V%(I+,H+) + Vo(I+lH-) + V2(I-,H+) + Vg(I-,H-) 
R2(H) = S - è * . 
(3.10) 
Preceding the measurement at various temperatures the 
linearity between the probe voltage and the sample current 
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was ascertained at fixed temperature points for the sample 
current up to 10 mA in both n-type and p-type samples. 
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IV. EXPERIMENTAL RESULTS 
A- N-type Germanium 
1• Room temperature measurement 
A typical procedure for calculating the Hall mobility 
from microwave data in n-type germanium will now be discussed. 
For the calculation of the mobility Equation £.36 will be 
used. In the case of sample GN-6, the dimensions were 5.0 mm 
9 
by 5.0 mm, so that an area of £5 mm was exposed to the cavity 
hollow space. The cavity with the sample was adjusted to be 
degenerate at the oscillator frequency reading of 9569.5 
Mc/sec. Also, the non-ideal coupling between the TE^Qi mode 
and trie TEqjj mode was reduced to a minimum with the adjust­
ing screws on the corners of the cavity. With the microwave 
circuit arrangement shown in Fig. 5, the non-ideal power out 
of the cavity was then canceled out at the magic T detector. 
This cancellation was made by the adjustment of the phase 
shifter and attenuator in the bridge circuit between the 10 db 
directional coupler and the magic T. 
At the beginning of the measurement, the P.R.D. cali­
brated attenuator* reading was set to zero. When the static 
magnetic field of 0.197 wb/m was applied, the magic T 
*The attenuator was made by Polytechnic Research & 
Development Co., Inc., 20£ Tillary St., Brooklyn 1, New 
York; N. Y. Calibration was given at 9600 Mc/sec. 
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detector gave the rectified D.C. voltage of £3.4 yiV which was 
caused by the microwave Hall power Pg in Equation 2.36. The 
D.C. output voltage of the detector at £0 db directional 
coupler was then measured to determine the incident power, P^. 
The microwave power coupled out at the £0 db coupler was about 
I/o of P^. The voltage output at the 20 db coupler was found 
to be tne same as the output at the magic T if the P.R.D. 
attenuator was set to give an attenuation of 16.9 db. 
The reflection coefficient of the input iris to the 
cavity was measured with a standing wave detector. For this 
particular case, the voltage standing wave ratio, r, of the 
standing wave in the waveguide Ko. 1 was 4.38, which corre­
sponded to 0.628 in the absolute value of the reflection 
coefficient of the cavity, | R|, according to the relationship 
m - §-=-i • (4.1) 
The position of the standing wave minimum indicated on 
the scale of the standing wave detector was compared with the 
position of the corresponding minimum when the cavity iris was 
closed with a brass plate. From the difference in the posi­
tions of the minima for the two cases, the argument of R in 
the complex plane could be determined by means of a Smith 
impedance diagram. In this particular measurement, the cavity 
was in resonance with the frequency of the microwave input, 
and the cavity iris was found almost at the position of a 
standing wave minimum. There was a slight shift, which was 
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probably caused by the thickness of the cavity iris. 
Before and after the Hall power measurement the magic T 
detector output was calibrated with respect to the B.C. output 
of the detector at the 20 db coupler. To make this calibra­
tion, the H-arm of the magic T (see Fig. 5) was connected 
directly to the main guide of the 20 db coupler, with the 
cavity omitted. The difference in the attenuation of the 
P.R.D. attenuator was recorded for the same D.C. voltage at 
the two detectors. It was found that the same D.C. voltage 
output could be obtained at both detectors, if the microwave 
power level to the magic T was 32.5 db lower than the power 
coming out of the main guide of the 20 db directional coupler. 
Hence, 
Pi 
10 log =± = 16.9 + 32.5 = 49.4 (db) , (4.2) 
2 
or 
2^ * __ n -^3 
Wi th 
„ = 3.43 x 10 . (4.3) 
*1 
Bn = 0.197 wb/m2 , 
'o 
( 1 + R \ = 1 - 0.628 = 0.372 , 
we nave 
J! ÏTTTq k = 4'68 * 10"2 ' (4-4> 
Equation 4.4 gives the left hand side of Equation 2.36 divided 
by B0. 
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The value of Equation 4.4 is independent of B0, provided 
B0u 1 • This can be seen from the linearity of 
as a function of B0 as shown In Fig. 9. 
Because of the symmetry between the TE]_QJ mode and the 
TEqh mode, tne Hall power measurement could be carried out 
either by primary excitation of the TEq^ mode with the TE^q^ 
mode excited by the Hall effect or by primary excitation of 
the TEJ_Q]_ mode with the TEQJJ. mode excited by the Hall effect. 
In Fig. 9, "cavity in normal position" refers to the case where 
tne TE^oi was excited primarily by the incident power, P^, and 
"cavity in reverse position" refers to the case where the TEQ^I 
mode was excited by P^. The difference between the two cases 
was comparable to the uncertainty in the measurements. See 
Section V. A. 1. 
At room temperature the relaxation time of the electrons, 
T]_, in this sample was estimated to be about 'c. 3 x 10"^ sec 
for a mobility of 0.30 m^/V sec arid an effective mass of 0.14 
mQ, where m0 is the mass of a free electron. This estimate 
gave U)TX = 1.5 x 10~24C 1 ; hence, q == 1 and q' ^  1 in 
Equation 2.36. Also, from the plane wave approximation of the 
microwave field it was found that 
^ - = Y 0 +  G  +  2  ,  ( 4 . 5 )  
where ^  is the loaded Q, of the cavity with the sample, 
Y0 is the reciprocal of the external Q, of the cavity, G is 
tne reciprocal of the Q, of the cavity given by the losses in 
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the wall, and 2 o< is the reciprocal of the Q, of the cavity 
given by the losses in the sample. Therefore, with <X and Q, 
Known, the D.C. mobility u0 can be determined if ^ T 1» 
if T ^ % 1- In the measurement of the Q, of the cavity, 
no coupling of the microwave field should exist between the 
TEioi mode and the TE012_ mode, since such coupling effectively 
changes G and o( in Equation 4.5. In order to determine the 
0, of the cavity most accurately the degeneracy of the reso­
nance frequency was removed by adjustment of the tuning 
screws. The reflection coefficient measurement of the cavity 
as s function of frequency gave 
For the determination of o( the measured D.C. sample conduc­
tivity of 0.40 ohm cm was used. 
Throughout trie measurements of microwave power for various 
sample frame sizes at room temperature it was found experi­
mentally that the effective size of the sample £ was related 
to trie actual size of the sample frame window by a correction 
factor of 0.70, if trie mobility calculated from the microwave 
measurement was to be in agreement with the mobility obtained 
from the D.C. measurement. Here £ = 0.70 x 5.0 = 3.5 mm. 
Then 
or tne effective mobility be determined 
2 o( + Y0 + G = lb. 5 x 10 ^  (4.6) 
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(X. = 1.48 x 10~4 
and 
= 0.34 (m^/V sec) (4.7) 
whereas the ordinary D.C. measurement gave 
uQ = 0.33 (m^/V sec) . (4.8) 
Several possible reasons for this correction factor have 
been considered: 
i) Since tne edge of the sample was in direct contact 
with the cavity wall, the microwave electric field 
was not really uniform over the sample. Therefore, 
the plane wave approximation in the derivation of 
Equation &.k? probably needs some corrections, 
ii) Althougn some effort was applied to make a good con­
tact between the sample and the sample frame, depolar­
ization of the microwave field might have existed in 
the sample, so that the actual field was weaker than 
the field without the depolarization. 
iii) The finite thickness of the sample frame and that of 
the iris to the cavity tended to decrease tne effec­
tive size of the sample. 
At present i) seems to be the most realistic reason. It 
is not likely that ii) is contributing most significantly to 
the correction factor. The reason will be discussed in Sec­
tion V. B. The effect described in iii) was not confirmed 
experimentally if the frame window thickness was 0.5 mm or 
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lees. 
The concept of the effective size of sample gave reason­
able values for the Hall mobility obtained for the same sample 
but for different sizes of the sample frame. The plot of 
1 vs. —— — is given in Fig. 10. The 
I Pi H + HI B0 + G + Y0 
linearity of the plot verifies the geometrical dependence of 
the Hall power as given by Equation 2.36, and also justifies 
the concept of the effective sample size in 0^. 
It was not possible to determine Y0 + G from the Q, of 
the cavity without a semiconductor sample for the following 
reasons. If a part of the cavity wall was replaced by a 
sample, which has a resistivity higher than that of the wall 
by a factor of 10 , the microwave field distribution on the 
wall was perturbed appreciably so that G did not remain the 
same as for the case of no sample. Also, the Q value of the 
cavity changed quite sensitively to the way the sample frame 
was in contact with the main body of the cavity. Once a frame 
was removed, the same value of the Q, of the cavity was not 
always reproduced to within a few percent when the frame was 
replaced. 
2. Low temperature measurement 
Decisive evidence for the validity of the microwave Hall 
power relationship given by Equation 2.36 was observed in the 
low temperature measurements on an n-type germanium single 
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fPÔ 
single crystal ( GK-5). The magnetic field dependence of I— 
s
'
pl 
is plotted with temperatures as a parameter in Fig. 11. It 
is see;, that the relationship between and B0 is linear for 
any temperature provided B0u0 « 1. However, in the strong 
field range where B0u0 ^  1, /-S deviates from the linear 
* 1 
relationship. The deviation indicates the fact that the terms 
cj 
of the order of (BQu0) have to be added to the right hand 
side of Equation 2.36. Hence the approximation by Equation 
2.36 becomes crude• 
Finally the temperature dependence of the mobility of the 
same sample is given in Fig. 12. The measurement was done at 
a magnetic field of 0.197 wb/m2 This magnetic field intensity 
can be considered as weak throughout the whole temperature 
range. Room temperature measurement of the loaded Q, of the 
cavity with the sample gave 
2 & + G + Y0 = 19.2 x 10~4 • (4.9) 
The reciprocal of the external Q, of the cavity, YQ, was found 
from the measurement of the loaded Q of a nondegenerate cavity 
without the sample and from the reflection coefficient of the 
cavity at resonance frequency in the plane of the cavity iris. 
The calculation gave YQ = 1.87 x 10~4. The value of YQ was 
assumed to be constant over the whole temperature range, since 
the characteristic impedance of the waveguide was practically 
independent of the temperature of the cavity, and since the 
electromagnetic energy stored in the cavity was determined 
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explain such discrepancies. Section V. B. gives an explana­
tion based upon the effect of the plasma due to depolarization 
in the sample, but this effect can not be the principal cause 
of tne disagreement. 
The effect of the electrons in the conduction band, how­
ever, has not been investigated yet as a possible explanation 
of such disagreement. If a donor impurity level exists, Equa­
tion ic.'c'ï has to be expressed in terms of a three carrier 
£ 
model up to the order of (BqU^) , where u± is the mobility 
of the i^1 carrier. It is conceivable that in such order of 
approximation the effective microwave mobility calculated by 
Equation 2.27 may be found to be different from R^C in the 
D.C. measurement. 
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once the cavity dimensions and the field amplitude were given• 
For the calculation of the mobility at low temperature, 
(A was calculated from the D.C. conductivity and from the 
effective size of the sample \ = 0.70 x 7.2 = 5.0 (mm). 
Since the cavity wall was silver plated it was assumed that G 
due to the loss in the wall was proportional to where ps 
was the resistivity of the silver obtained from the Handbook 
(27, p. 2359). The mobility thus calculated was compared in 
Fig. 1c with the Hall mobility R@" measured by the ordinary 
D.C. method. The discrepancies of about lb% in the low 
temperature region were comparable to the maximum deviations 
of 16/o in the microwave measurement and 10% in the D.C. 
measurement. The difference in the two values of the mobility 
could be explained as the effect of depolarization in the 
sample. Nevertheless the good agreement between the micro­
wave value and the D.C. value of the mobility in the tempera­
ture range from 140°K to 300°K seems to Justify the formula 
given in Equation 2.^5. The agreement also confirms the 
relationship between the effective sample size and the actual 
sample size. 
B. P-type Germanium 
The principle of microwave measurement of Hall mobility 
was verified in the case of n-type germanium. A similar study 
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will now be given for a p-type germanium sample (G-P-l) • As 
pointed out by Dresselhaus et al. (£1), the two valence bands 
which are split by spin-orbit interaction become degenerate 
at k = 0 in germanium. This degneracy gives rise to the 
existence of the two kinds of holes. Willardson et_ al. (£3) 
verified that although the light holes had a density only 2% 
of the density of the heavy holes, the Hall coefficient 
exhibited a magnetic field dependence, because the mobility 
of the light holes was eight times greater than the mobility 
of the heavy holes. In Fig. 13, the magnetic field dependence 
curves for tne n-type sample in Fig. 11, the curves for the 
p-type sample deviate considerably from straight lines. The 
non-linear tendency becomes more remarkable at low tempera­
tures than at room temperature. 
According to the analysis by Willardson et al. (23), the 
terms which contribute to the magnetic field dependence of the 
Hall coefficient are of the order of (B0ug) and (B0U]_) , 
where u^ and Ug are the mobilities of the heavy holes and 
light holes, respectively. The Hall coefficient, %, de­
creases as the magnetic field is increased. Since the 
magneto-resistance effect gives a similar magnetic field 
dependence in conductivity 0" , the product R^(T(Bg) would 
have a magnetic field dependence which is stronger than that 
shown for three different temperatures. Unlike the 
of R^. 
59 
4.0 
XtO XIO 
GERMANIUM SINGLE CRYSTAL 
P-TYPE (GP-I) 
O I INCREASING 
A ) MAGNETIC FIELD 
3.0 
X DECREASING MAGNETIC FIELD 
T«29.2 *K 
2.0 
0 0 OA 1.0 
Wb, -
MAGNETIC FIELD OF INDUCTION : B0 'mz 
. 13. Magnetic field dependence of ]—• for 
p-type germanium * 1 
60 
Suppose at room temperature ug at 8 x 0.18 = 1.4 
(m2/V sec)-. Then, for B0 = 0.2 wb/m2, (B^Ug)2 — 0.08. This 
2 
value of (BqU^) can be considered as small compared to unity 
C 
unless the term (BgU%) is multiplied by a factor such as the 
ivn density ratio -=. 
N2 
If the relaxation time of holes between 100°K and room 
temperature is predominantly determined by the lattice scat­
tering, the mobility of holes in germanium would have the 
— 2 33 temperature dependence of T in the above range as re­
ported by Prince (5). The mobility of light holes at 100°K 
2 33 
would then be Ug = 1.4 x (|^) a 18 (m2/V sec), and for 
B0 = 0.2 wb/m? (Bug)2 = 13. Therefore, the magnetic field 
of induction, 0.2 wb/m* is already too large for a weak mag­
netic field approximation to be valid, and the approximation 
used in the derivation of Equation 2.29 requires correction. 
In this particular experiment, however, the Hall power due to 
a magnetic field less than 0.2 wb/m^ was so small that it 
was difficult to measure the Hall power P% with an error of 
less than 5)o. 
As shown in Figs. 14 and 15, the temperature dependence 
and the magnetic field dependence of the Hall mobilities were 
in fair agreement with the corresponding results from the D.C. 
measurements only in the low temperature region. This agree­
ment at low temperature probably indicates that the second 
order approximation in Equation 2.29, that is to the order 
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£ (B0u) , can be taken into account by an effective microwave 
mobility which depends upon the magnetic field B0 in a manner 
similar to the dependence of the D.C. value of upon B0. 
In Fig. 14, which shows the temperature dependence of the 
Hall mobility, the microwave value was calculated from Equa­
tion 2.29 with the assumption UJti, LU 7% « 1. The higher 
order terms of B0U]_ and B0ug were neglected. For the deter­
mination of the effective size of the sample the same correc­
tion factor of 0.70 was used as in the case of n-type germanium. 
The value of Y0 = 1.87 x 10~4 was assumed to be constant over 
the whole temperature range. 2 d + Y0 + G-, the reciprocal of 
the loaded Q, of the cavity with the sample, was found by the 
relationship 
a o u  Y 0  +  6 =  Y 0  [X I R| , (4.10) 
where the reflection coefficient R of the cavity was measured 
at resonance frequency. The D.C. value of conductivity was 
used for determining oC • 
The considerable disagreement between the D.C. mobility 
and the microwave mobility in the temperature between 100°K 
o 
and 300 K is not understood at the present stage of investi­
gation. If the values of the effective mass and the mobility 
quoted by Willardson et al. (23) are used, U)1 for both heavy 
and light holes are the order of 0.02 for room temperature and 
0.3 for about 100°K even if the scattering by the ionized 
impurities is neglected. These magnitudes of (U 1 do not 
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explain such discrepancies. Section V. B. gives an explana­
tion based upon the effect of the plasma due to depolarization 
in the sample, but this effect can not be the principal cause 
of tne disagreement. 
The effect of the electrons in the conduction band, how­
ever, has not been investigated yet as a possible explanation 
of such disagreement. If a donor impurity level exists, Equa­
tion is. 2? has to be expressed in terms of a three carrier 
% 
model up to the order of (B0Uj_) , where ui is the mobility 
of the i1*1 carrier. It is conceivable that in such order of 
approximation the effective microwave mobility calculated by 
Equation 2.2? may be found to be different from R^T in the 
D.C. measurement. 
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V. DISCUSSION 
A. Errors 
1. Microwave measurement 
In the microwave power measurements it was not necessary 
to measure the absolute value of microwave power, but only to 
measure power ratios, such as Pg/Pj in Equation 2.2?. The 
measurement was carried out with the calibrated P.R.D. attenu­
ator which adjusted microwave power levels over a range of 
38 db. Therefore, the experimental error of the relative 
microwave power was determined by that of the attenuator 
calibration and that of the potentiometer which measured the 
D.C. output voltage from the microwave detectors. 
The P.R.D. attenuator had a maximum uncertainty of 0.1 db 
in the measurement of attenuation. This uncertainty corre­
sponded to a 2% error in the measurement of relative power. 
The D.C. detector voltage produced by the microwave Hall 
power, Pg, could be measured with an experimental error of 
less than 1%, if the magnetic field of induction was 0.2 wb/m^ 
or greater. 
In order to determine the error in the power standing wave 
ratio and hence in (1 + R), we first consider the fact that in 
a standing wave measurement the deviation of the detector 
characteristic from a square law relationship must be taken 
into account as a possible source of experimental error. The 
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detector characteristic was calibrated with the P.R.D. attenu­
ator, whose attenuation reading determined the relationship 
between the D.C. detector output voltage and the microwave 
power level. The error in the power standing wave ratio due 
to deviations oi' the detector characteristics from a square 
law was estimated to be 2%. Secondly, variations of 3% in 
tne measurement of standing wave minima and maxima were ob­
served. These variations were probably caused by mechanical 
imperfections in the standing wave detector. When both of 
these errors are considered, the total experimental error in 
the power standing wave ratio was estimated to be 5%. This 
experimental error in the power standing wave ratio corre­
sponded to an error of 1% in the reflection coefficient, R, if 
R was about -0.7. Then, if the phase of the reflection co­
efficient is real as in the case of a cavity in resonance, the 
experimental error of (1 + R| becomes 2%. 
The sample frame size was measured with a micrometer 
which involved a maximum uncertainty of 2%. 
Since the microwave value of mobility was to be compared 
with the D.C. value, the effect of hysteresis on the repro­
ducibility of the magnetic field should be taken into account. 
In the D.C. electrical measurements the magnetic field could 
p 
be reproduced within 3fo for a magnetic field of 0 . 2  wb/m , 
and within 1% for 1 wb/m2• 
The loaded 0, of the cavity was measured with the standing 
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wave detector which determined the reflection coefficient as 
a function of frequency. The experimental error of the loaded 
<4 was estimated to be about 3$, when a semiconductor sample 
was mounted in the cavity. The error in the D.C. resistivity 
was estimated to be 4%, which was the error used in consider­
ing the uncertainties in d\ in Equation 2.29. 
The variation of cavity size caused by thermal expansion 
was not a serious problem in determining , since the linear 
expansion coefficient was known to be the order of 10"5 per 
degree according to the Handbook (27, p. 2059). This value 
of the linear expansion coefficient seemed to be reasonable 
when it was considered in terms of the shift in resonance fre­
quency of tne cavity, which was about 0.5,% between 30°K and 
300°%. 
Combining these various kinds of uncertainties in the 
experimental values gives an experimental error of 16% in the 
Hall mobilities calculated from microwave data. 
In the low temperature measurements, the temperature 
control was another factor to be considered in determining 
experimental error. The control of temperature was most dif­
ficult around 100°K in the liquid nitrogen run, and around 
40°K in the liquid hydrogen run. In the former case the 
copper constantan thermocouple reading varied + 20 juV in the 
course of a microwave measurement around 100°K. This fluctua­
tion in the thermocouple voltage corresponded to a variation 
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of +1 degree in the cavity temperature. In the liquid hydro­
gen run the thermocouple voltage varied +18 jiV around 40°K. 
This variation in voltage corresponded to a temperature fluc­
tuation of +1.5 degrees. 
The most stable temperature points in the microwave 
measurements were room temperature, 82.2°K and 29.6°K; where 
the maximum temperature fluctuations were 0.1, 0.2 and 0.4 
degrees, respectively. 
2. D.C. measurement 
All D.C. electrical measurements were carried out with a 
Leeds and Northrup 7553 Type K-3 potentiometer. This poten­
tiometer was calibrated with respect to a Rubicon potentio­
meter Model %7?2, which could be used as a calibrator to 
1/20 with slight modifications in the circuit connections. 
For measurements of D.C. voltage up to 1 mV the absolute 
error of the Leeds and Northrup potentiometer reading was 
estimated to be about 1 pV. However, an experimental error 
in any potential measurement also resulted from the internal 
resistance associated with an unknown voltage. 
The resistance between two tungsten probes mounted on a 
germanium sample was the order of 100 ohms at room tempera­
ture, and the Kintel galvanometer* could detect a difference 
*Used also for microwave measurement, see Section III. 
A. 3. 
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of 1 ^ tV in the potential measurement. Thus, the experimental 
error in the measurement of a potential difference between 
the probes was better than 0.1/2 in general. 
The uncertainties involved in the measurement of a. re­
sistivity probe separation and that of a sample cross-section­
al area were important factors in the determination of experi­
mental errors in sample resistivity. For each measurement of 
tne sample dimension or of probe separation an experimental 
error of 1.3% was taken into account. Hence the resistivity 
of the semiconductor sample was determined with an experi­
mental error of 4$ between 20°K and 300°K. 
It was impossible to separate the voltage caused by the 
Ettingshausen effect from the Hall voltage in this method of 
potential measurement. Johnson and Shipley (28) calculated 
for germanium the relative difference between the Hall co­
efficient, R^, with no transverse temperature gradient (iso­
thermal) and that, Ra, with no transverse heat flow (adia-
batic). When their result was applied to the present experi-
R — R4 
ments, the relative difference, —^5 -, in n-type germanium 
« -5 1 
was estimated to be 10 A/ 10 in the temperature range 
from 30°K to 300°K. Hence the Ettingshausen effect could not 
be the source of appreciable error. 
The width-to-length ratio of the sample was 4.5 for the 
n-type sample (GN-5) and 4.9 for the p-type sample (GP-1). 
Hence a correction to the Hall coefficient due to end effects 
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would not be necessary, as Indicated by Isenberg _ejt al. (29). 
If we allow an error of about 'à% due to difficulty in 
reproducing the magnetic field, the total error in the Hall 
coefficient becomes about 6$. Hence, the error in the Hall 
mobility R^O" was estimated to be 10$. The temperature fluc­
tuations estimated from thermocouple readings were 0.5°K 
around 90°K and 0.4°K around 30°K. This temperature fluctua­
tion was not serious compared to the other sources of errors 
in the determination of Hall coefficient and resistivity. 
B. Effect of Depolarization 
Although each semiconductor sample used in this experi­
ment was in direct contact with a good conducting wall of the 
cavity, it is difficult to be certain that no depolarization 
effects occurred owing to the possible accumulation of charge 
at the edges of the sample. Some consideration is given here 
regarding the effect of depolarization on the microwave power 
relationship. 
The analysis is similar to the one made by Dresselhaus 
(7), except our sample mounting is entirely different. Sup­
pose E is the electric field that the sample would have if 
there was no depolarization, and Ej_ is the actual electric 
field due to depolarization. Then one defines a depolariza­
tion factor, Ld, in MKS units as 
Ld = €°(Ep" El) , (5.1) 
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where P is the polarization in the sample given by the 
equation, 
P = €0XEi + Klel + Nge% f vgdt . (5.2) 
Then, if Ej_ is substituted in place of E in Equations 2.12 
and £.13 both equations can be rewritten as 
-*• LH -* <n -*• 
J1 " J ~ûTël a"lJ = 1 + LX E + ulJlxBo ' (5-3) 
and 
La (Tç, -* -> 
"J m , Cr2J + J2 = 1 + LX E + u2J2xBO » (5.4) 
to 
-—* —* —» 
where J = J-j_ + J£ , (5.5) 
= N-^ 2. ' (5.6) 
 ^2 = 2^V 2 ' (5.7) 
and 
Li = 1 + LdX ' (5,8) 
From Equations 5.3 to 5.5 the conductivity tensor components 
can be found to be 
-a + M Bq 
"  
< 5
'
9 )  c o 
and 
(b + M) B0._ 
• —£~ir • (6-10) 
0 + t~ Bo 
where a = , (5.11) 
1 + Ld* 
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- • 
C = — 1 + j —— ( 0 I + ^*o) + Ut Uo Bq  , (5.13) 
a>6o 
and 
L1 d = uj + U£ ~ j (ui<T£ + Ug 0"^) . (5.14) 
If only one kind of carriers exist 0^=0. The conductivity 
tensors are then 
cr 
,2 ,  '  ~ rir » (5.15) 
N + LAX)[P + ^ IL-J 
and 
(T B u, 
°IA • r - (5-16) 
(1 + LdX) [P + (B°^l) jp 
L, 
where p = 1 - j OT . (5.17) 
1 
*Co 
From these equations, 
^12 Bou (5.18) 
Oil p 
Substituting Equation 5.18 into Equation 2.27 one finds that 
the microwave Hall power ratio decreases as the depolariza­
tion factor increases. It is possible that the depolarization 
factor could be partly responsible for the difference between 
the actual sample size and the effective sample size. How­
ever, it is not reasonable to assume that the difference be­
tween actual and effective sample size is caused only by this 
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effect. An explanation can be given most readily for n-type 
—3 germanium. If a depolarization factor of about 5 x 10~ is 
assumed at room temperature, the mobility calculated from 
microwave data may be in agreement with the mobility measured 
with the D.C. method. With the same value of depolarization 
factor, however, the microwave mobility becomes more than 
twice as large as the D.C. mobility around 80°K, because of 
the change in conductivity in Equation 5.17. When two kinds 
of carriers exist, the expression corresponding to Equation 
5.18, to the first order of B0, becomes 
^12 = (ui<Ti + UfcCTfcJSo . (5.19) 
Oil (<r1 + <r2)[i - J + o-jJ 
This equation does not indicate any possibility that the dis­
crepancies between the microwave mobility and the D.C. mobil­
ity can be explained over the temperature range of measure­
ment in p-type germanium (GP-l). 
C. Effect of Cyclotron Resonance 
It was explained in Section I that the microwave Hall 
effect measurement was closely connected with cyclotron 
resonance in principle. It is certainly interesting, there­
fore, to see how the measurement would be affected by the con­
ditions for cyclotron resonance. If Equation 2.23 is ex­
pressed explicitly in the single carrier model to the order 
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of (IW2. 
Pl |1 1- H| " 
{/i - (wt)£ + (B0u0 : * + 2j»t - (i + j «,-!)}1/2 
{JI - (WT)2 t (BgUg)^ + Ïjtit + 1 + jX>t)l/2 + f]_ + jfg 
(5.20) 
where G + 10 + cjx = (f^ + Jf^) /2 (1 + j) tX0 • (5.21) 
Also, uQ and (X 0 are u and ck respectively for u)X « 1-
The calculation of the input admittance of the degen­
erate cavity witn Hall effect coupling gives 
| 1 + R 1 = 
-1 
Yo 
*/T (u>t)2 + (B 0 U 0 ) 2 +  2JU>T 
[/l- (wt)b+ (BqI^)^ 2JVJT + 1+ J«>T] 
_ + fi + jf 2 
^ . , ._ll/2 
(5.22) 
Numerical calculations of Equations 5.20 and 5.22 give 
and /=•£ as functions of where u>n and cO are 
P2 |1 + R| ' tO 
cyclotron resonance frequency and microwave frequency, respec­
tively. In tne plots shown in Fig. 16 f^ + jf£ is assumed 
to be negligible. 
/pp i 
It should be noted that Z~ - v, , does not show any 
v* i 11 + K I 
cyclotron resonance peak when the static magnetic field is 
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changed. The reason no peak is observed is that the non-
of the non-diagonal to the diagonal conductivity tensor ele-
detector voltage which is the quantity observed in an actual 
measurement. 
The immediate step for further development of this work 
is to measure the Hall mobility of semiconductor samples which 
are purer than the ones used in this investigation. Such 
samples would have less impurity scattering and hence the 
relaxation times of the carriers at low temperatures would be 
longer. In general, a direct determination of carrier relaxa­
tion times would contribute information useful in the deter­
mination of the energy dependence of each type of electron (or 
hole) scattering. 
Further effort should be applied to extending these 
measurements to higher microwave frequencies and to lower 
temperatures, so that cyclotron resonance might be observed 
as a special case in these measurements. 
With regard to the present experimental techniques, the 
sensitivity of the Hall power measurement could be increased 
dimensional quantity approximately the ratio 
ments. On the other hand shows a cyclotron 
is proportional to the D.C 
D. Future Work 
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by means of an audio amplifying system, if the magnetic field 
or the microwave signal were modulated. Improvement in the 
sensitivity of the measuring circuit is required if the mobil­
ity and the size of the sample are much smaller than those used 
in this experiment. 
A more flexible design of cavity construction and sample 
mounting would allow simultaneous measurements of conductiv­
ities, dielectric constants, and Hall mobilities in semi­
conductors and possibly in some metals. 
Another subject for high frequency investigation is the 
effect of anisotropy which should be associated with any study 
of the electronic band structure of solids. 
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VI. CONCLUSION 
The Hall mobilities of germanium samples were measured 
with microwave fields which were excited in a doubly degen­
erate rectangular cavity. In the introductory part of this 
investigation, the ratio of the microwave Hall power to the 
incident power was derived in terms of the sample geometry 
and the phénoménologieal conductivity tensor components. 
Samples of n-type germanium single crystals with room temper­
ature resistivity of 0.40 ohm cm provided experimental verifi­
cation of the theoretical analysis. The dependence of the 
Hall microwave power on sample geometry followed the theo­
retical predictions within 10$. Linear magnetic field de­
pendence of the Hall power demonstrated the validity of the 
weaK field approximation. The concept of effective size of 
the sample was introduced, so that the non-ideality of the 
experiment with regard to the theoretical assumptions could be 
better taken into account. 
A method of analysis was developed and was used to cal­
culate the Hall mobility over the temperature range 30°K to 
300°K. The calculated microwave mobility was in good agree­
ment with the D.C. mobility between 140°K and 300°K, and 
exhibited a maximum discrepancy of 15$ between 30°K and 140°K. 
The analysis of the two carrier model was applied to the 
calculation of the mobility in a sample of p-type germanium 
single crystal with a room temperature resistivity of 0.77 
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ohm cm. The appreciable magnetic field dependence of the 
Hall mobility observed in the microwave measurements was in 
qualitative agreement with the analysis of D.C. measurements 
developed by Willardson et al. (23). The quantitative dis­
crepancy between the microwave Hall mobility and the corre­
sponding D.C. value has not been understood completely. 
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Table 1. Magnetic field dependence of for 
n-type germanium ( G-K-6) at room temperature a 
1 + R 
Magnetic field 
of induction: 
Bo (Wb/m%) 
With cavity in 
normal position 
(x 10-2) 
With cavity in 
reverse position 
(x 10-2) 
o . o  — — — — 
0.150 0.72 0.64 
0.197 0.86 0.86 
0.296 1.28 1.34 
0.395 1.72 1.78 
0.490 2.10 2.22 
0.588 2. 54 2.65 
0.686 2.90 3.01 
0.782 3.26 3.42 
0.872 3.61 3.80 
0.96k 3.98 4.20 
1.054 4.30 4.54 
1.140 4.62 4.95 
1.&30 4.90 5.18 
^Oscillator frequency : 9569.5 Mc/sec 
1 1 + R | = 0.380 
Sample size: I = 5.0 mm 
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Table 2. Geometrical dependence of ,. 1 _ • i- for 
V 1 I + I 0 
n-type germanium (GN-6) at room temperature8' 
Sample 
frame 
size : 
x ly» N (mmx mm) 
/?2 1 1 
Pi jl*R|B0 
(x 10~à) 
2<X+ Y0 * G 
( x 10-*) 
* A. (x 10-4) 
Yo+ G 
without 
sample 
(x 10-4) 
Hall 
mobil-
sec) 
7.2 x 7.2 9.00 16.2 3.07 6.33 0.34 
6.1 x 6*1 5.14 20.1 2.25 6.63 0.33 
5-0 x 5.0 t\:
 
CD
 
15.5 1.48 6.63 0.32 
aSample resistivity = 0.40 +0.2 ohm cm 
Cavity size: L = 20.0+ 0.2 mm 
Lz = 25.4 + 0.2 mm_ 
Effective size of sample frame I = 0.70 x •£. 
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/Pn 
Table 3. Magnetic field dependence of ~ for n-type 
germanium (GN-5)a v 1 
M M 
Magnetic for increasing for decreasing 
ield: Bn magnetic field magnetic field 
(Wb/m%) ° (x 10-2) G(x 
A. Temperature 300°K^ 
0.198 0.457 0.563 
0.394 0.910 0.987 
0.588 1.35 1.43 
0.780 1.77 1.87 
0.874 1.99 2.06 
0.964 " 2.18 2.24 
1.05 2.40 2.46 
1.14 2.57 2.64 
1.22 2.75 2.78 
0 c 
B. Temperature 82.1 K 
0.01 — — 
0.198 1.87 2-00 
0.296 2.88 3.00 
0.394 3.79 3.88 
0.588 5.47 5-57 
0.686 6.26 6.37 
0.780 7.03 7.12 
0.874 7.75 7.76 
0.964 8.33 3 .45 
1.054 8.90 9.02 
1.14 9.35 9.40 
1.22 9.65 9.71 
aSample frame size: 7.2 mm 
^Reflection coefficient: IRj = 0.705 for B0  = 0 (¥b/m^) ; | R | = 0.710 for Bo = 0.964 (Wb/nr) 
^Reflection coefficient: l£t| = 0.6^2 for B0  = 0 (Wb/m^); |R  = 0.638 for B0  = 0.964 (Wb/m^) 
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Table 3. (Continued) 
m 
:*i Jpi 
Magnetic for increasing for decreasing 
field: B0 magnetic field magnetic field 
(Wb/mM (x 10-2) (x io-2) 
C. Temperature 29.6°K^ 
U.Ol — — 
0.198 2.30 2.45 
0.296 3.49 3.59 
0.394 4.48 4.63 
0.588 6.78 6.80 
0.686 7.92 7.97 
0.780 8.93 9.13 
0.874 9.92 10.10 
0.964 10.75 10.85 
1.054 11.50 11.60 
1.140 12.00 12.10 
1.184 12.40 12.45 
^Reflection coefficient: |R| = 0.690 for B0 = 0 (Wb/m^) 
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Table 4. Microwave Hall mobility of n-type germanium (GN-5) 
in low temperatures8-
/p2, 1 
JfllplB +H |b0 Hall 
Temperature G „ 2o( + G + Y0 Y m^/Wb mobility: u 
(°K) (x 10™4) 2<X (x 10" ^) m^/V sec 
300 11.6 3.37 9.42 0.32 
273 10.9 3.39 10.9 0.37 
231 9.90 3.52 14.7 0.52 
182 8.75 3.72 18.4 0.69 
150 7.85 3.73 24.2 0.90 
119 6.97 3.80 28.3 1.07 
100 6.25 3.77 32.2 1.21 
82 5.63 3.73 37.2 1.39 
64.9 4.92 3.46 42.7 1.47 
49.2 4,28 3.08 49.0 1.51 
37.9 3.75 2.59 49.7 1.28 
29.6 3.21 2.16 64.4 1.39 
^Magnetic field of induction: B0 = 0.197 Wb/m4' 
Sample size: I = 7.2 mm 
Sample thickness: 0.8 mm __ 
Effective size of sample: £ = 0.70£ 
Reciprocal of external Q, ( assumed to be cons ta; 
over the temperature range): YQ = 1.87 x 10 
2 + G + Y0 = 19.2 x ID"4 at 300«K 
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Table 5. D.C. electrical measurement of n-type germanium 
( Grbl —5—2) 
Temperature 
(°K) 
Hall 
coefficient : 
-, Rh 
(m /coulomb) 
(x 10-3) 
Conductivity 
o~ 
(mho/m) 
(x 10-^) 
Hall 
mobility 
(m&/V sec) 
300 1.33 2.50 0.33 
251 1.32 3.21 0.42 
210 1.37 4.23 0.58 
171 1.40 5.62 0.79 
131 1.30 7.62 0.99 
107 1.50 9.22 1.38 
82.8 1.57 10.58 1.66 
70.0 1.67 10.87 1.82 
58.6 1.79 10.50 1.88 
47.2 1.99 9.12 1.82 
39.0 2.29 6.94 1.59 
24.6 4.82 3.14 1.51 
20.2 8.76 1.72 1.50 
^Magnetic field: B0 = 0.197 Wb/m^ 
Sample size (see Fig. 3); d = 1.410 + 0.005 mm 
t = 0.781 + 0.005 mm 
Probe separation (see Fig. 8): AB = 0.58 + 0.03 mm 
AC = 2.15 + 0.05 mm 
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Table 6. Magnetic field dependence of 
germanium (GP-l)a 
for p-type 
Magnetic 
f i e l d B c  
(Wb/m^) 
_c 
Pi 
for increasing 
magnetic field 
(x 10-2) 
/! Pi 
for decreasing 
magnetic field 
(x 10"2) 
0.0 
0.394 
0.587 
0.686 
0.780 
0.874 
0.964 
1.05 
1.14 
1.22 
0.0 
0.197 
0.296 
0.394 
0.490 
u.587 
0.686 
0.780 
0.874 
0.964 
1.05 
1.14 
1.22 
B 
A. Temperature 300°K^ 
0.646 
0.908 
1.02 
1.13 
1.22 
1.31 
1.41 
1.50 
1.57 
Temperature 82.4°K° 
3.32 
4.90 
6.37 
7.80 
9.15 
10.3 
11.5 
12.6 
13.6 
14.6 
15.5 
16.2 
aSample size: £ = 7.2 mm 
^Reflection coefficient: I RI = 
0.640 
0.900 
1.02 
1.12 
1.22 
1.31 
1.41 
1.50 
1.59 
4.87 
6.33 
9.16 
11.6 
13.6 
14.7 
15.5 
16 .2  
^Reflection coefficient : | R| = 
|R| = 0.602 for B0 = 0.587 (Wb/m2) 
0.718 
0. 592 for B0 = 0 (Wb/m2) ; 
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Table 6. (Continued) 
M il % 
Magnetic for increasing for decreasing 
field:, Bn magnetic field magnetic field 
(Wb/m<) ° (x 10-%) (x 10-2) 
C. Temperature 29.2°K^ 
o . o  — — — — 
0.197 3.58 2.96 
0.394 6.50 
0 .  587 8.80 — — 
0.686 9,80 9.77 
0.780 10.60 
0.674 11.40 — — 
0.964 12.00 11.40 
1.052 12.70 — — 
1.140 13.20 12.90 
1.224 13.50 13.50 
^Reflection coefficient : |R| 
|R  = 0.738 for Bo = 0.964 (Wb/m2) 
= 0.688 for B0 = 0 (Wb/m2); 
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Table 7. Microwave Hall mobility of p-type germanium (GP-l) 
in low temperatures3 
Temperature 
%°K) |l + R| 
2 o( +• Yq + G 
2* 
/p2| 1 ,M 
HAV"4"° 
Hall 
mobility: u 
(m2/V sec) 
300 0.279 1.56 9.65 0.15 
272 0.298 1.61 13.1 0.21 
b%9 0.310 1.83 19.9 0.36 
199 0.329 1.97 23.8 0.47 
168 0.347 2.17 36.8 0.80 
140 0.352 2.47 60.5 1.49 
127 0.371 2.56 62.3 1.59 
104.5 0.376 2.80 63.7 1.78 
8%.4 0.408 2.81 54.8 1.54 
68.8 0.390 3.04 58.0 1.76 
62.5 0 387 3.05 63.5 1.93 
52.7 0.387 2.92 69.7 2.02 
41.3 0.376 2.72 67.8 1.85 
38.9 0.375 2. 65 68.6 1.82 
%9.2 0.310 2.50 83.6 2.09 
^Magnetic field of induction: B0 = 0.197 Wb/m2 
Sample size: I = 7.2 mm 
Sample thickness: 1.0 mm 
Effective size of sample: J = 0. 70£ 
Reciprocal of external Q, (assumed to be constant over 
the temperature range): Y0 = 1.87 x 10-4 
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Table 8. Magnetic field dependence of microwave Hall 
mobility in p-type germenium (GP-1)a 
Magnetic /P2 , 1 , /2 Hall 
field:,, B0 
(Wb/m^) /Pl(^ Bo mobility: u (m^/V sec) 
A. Temperature 300°Kb 
0 
0.394 
0.587 
0.686 
0.780 
8 • 23 
7.77 
7.44 
7.22 
0.126 
O.lcl 
0.116 
0.112 
0.874 
0.964 
1.05 
1.14 
1.Zc. 
7.03 
6.83 
6.78 
6.58 
6.45 
0.110 
0.106 
0.105 
0.103 
0.101 
0 
0.197 
0.296 
0.394 
0.490 
B. Temperature 78.0°KC 
0.600 
0.588 
0. 575 
0.567 
1.75 
1.72 
1.68 
1.65 
0.587 
0.686 
0.780 
0.874 
0.964 
0.555 
0.536 
0.525 
0.515 
0.503 
1.62 
1.57 
1.53 
1.50 
1.47 
aSample size: t = 7.2 mm 
Sample thickness : 1.0 mm _ 
Effective size of sample: I = 0.70-1 
2<X + Y0 + G- = Y0 x 2/| 1 + R | 
Reciprocal of external Q, ( assumed to be constant over 
the whole temperature): Y0 = 1.87 x 10"^ 
b o< = 4.30 x 10-4 
I 1 + R | = 0.282 (dependence on magnetic field neglected) 
( 2 o i  +  Y 0  +  G ) / 2 0 (  = 1 . 5 6  
0 Oi = 1.61 x 10-4 
II + R f = 0.362 (dependence on magnetic field neglected) 
(2 0( + Y0 + G)/2<K = 2.92 
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Table 9. D.0• electrical measurement of p-type germanium 
(GP-1-1)a 
Temperature 
%°K) 
Hall 
coefficient : 
, 3 / Rh (nr/coulomb) 
(x 10-3) 
Conductivity: 
<r 
(mho/rn) 
(x 10-^) 
Hall 
mobility : 
f R-<r 
(m^/V sec) 
299 2.20 1.29 0.29 
290 2.27 1.37 0.31 
265 2.20 1.66 0.37 
241 2.16 2.01 0.40 
208 2.04 2.66 0.55 
193 1.99 3.05 0.61 
170 1.95 3.79 0.74 
147 1.84 4. 79 0.88 
125 1.82 6.02 1.10 
103 1.75 7.41 1.30 
92.2 1.75 8.06 1.42 
77.7 1.80 8.77 1.58 
69.2 1.84 9.01 1.60 
59.4 2.00 8.85 1.77 
51.3 2.08 8.31 1.73 
42.5 2.62 7.05 1.85 
36.3 3.21 5.83 1.87 
31.7 4.11 4.60 1.90 
29.3 4.79 3.97 1.91 
27.2 5.78 3.33 1.93 
25.1 7.23 2.64 1.91 
23.2 9.71 2.04 1.99 
20.8 15.1 1.34 2.04 
^Magnetic field : B = + 0.197 Wb/m 
Sample size (see Fig. 5) d = 1.53 + 0.02 mm 
t = 1.29 + 0.02 mm 
Probe separation (see Fig. 5): AB = 3.250 + 0.005 mm 
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Table 10. Magnetic field dependence of D.C. • <T{B0) 
of p-type germanium (G-P-l-l) 
Magnetic 
field:,. B0 
(Wb/m^) 
Conductivity : 
a~ 
(mho/m) 
(x 10-4 
Hall 
coefficient : 
(m3/coulomb) 
(x 10-3) 
Rh' <T(B0) 
(m^/V sec) 
A. Temperature 300°K 
< 0.01 1.30 — — — —* 
0.150 1.29 2.31 0.297 
0.197 1.29 2.32 0.298 
0.394 1.26 2.21 0.280 
0.587 1.23 2.09 0.257 
0.686 1.22 2.01 0.244 
0.780 1.21 1.96 0.238 
0.874 1.19 1.91 0.228 
0.964 1.18 1.88 0.223 
1.05 1.17 1.85 0.217 
1.14 1.16 1.82 0.211 
1.2c 1.14 1.79 0.205 
B. Temperature 78.0°K 
< 0.01 9.09 mm 
0.150 8.93 - 1.82 1.61 
0.197 8.77 1.80 1.58 
0.296 8.55 1.76 1.50 
0.394 8.33 1.73 1.44 
0 .490 8.20 1.72 1.41 
0.587 8.06 1.70 1.38 
0.686 7.94 1.69 1.35 
0.780 7.94 1.68 1.34 
0.874 7.81 1.68 1.32 
0.964 7.81 1.69 1.31 
1.05% 7.69 1.69 1.29 
1.14 7.69 1.69 1.29 
1.22 7.63 1.69 1.28 
